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Investigation into the bioavailability of milk
protein-derived peptides with dipeptidyl-
peptidase IV inhibitory activity using Caco-2 cell
monolayers}

Isabelle M. E. Lacroix, Xiu-Min Chen, David D. Kitts and Eunice C. Y. Li-Chan*

In recent years, peptides derived from a variety of dietary proteins have been reported to exhibit inhibitory
activity against the dipeptidyl-peptidase IV (DPP-1V) enzyme, a target in the management of type 2 dia-
betes. While much attention has been given to the production and identification of peptides with DPP-I1V
inhibitory activity from food proteins, particularly dairy proteins, little is known on the bioavailability of
these molecules. In this study, the stability and transport of five previously identified milk-derived peptides
(LKPTPEGDL, LPYPY, IPIQY, IPI and WR) and a whey protein isolate (WPI) digest with DPP-IV-inhibitory
activity were investigated using Caco-2 cell monolayers as a model system for human intestinal absorp-
tion. Even though a small percentage (ranging from 0.05% for LPYPY to 0.47% for WR) of the bioactive
peptides added to the apical side was able to cross the monolayer intact, all five peptides investigated
were susceptible to peptidase action during the transport study. Conversely, only minor changes to the
WPI digest composition were observed. Determination of the DPP-IV inhibitory activity of the peptides
and amino acids identified in the apical and basolateral solutions showed that most degradation products
were less effective at inhibiting DPP-IV than the peptide they originated from. Findings from this research
suggest that the susceptibility of food-derived DPP-IV inhibitory peptides to degradation by intestinal
brush border membrane enzymes may alter their biological activity in vivo. Further research should be
conducted to enhance the bioavailability of DPP-IV inhibitory peptides.

Introduction

Inhibitors of the enzyme dipeptidyl-peptidase IV (DPP-IV) are
non-insulin anti-diabetic agents currently available for the
treatment of type 2 diabetes. Often referred to as ‘gliptins’,
these oral medications help maintain glycemic targets by pre-
venting the rapid breakdown by DPP-IV of gastrointestinal
incretin hormones that play a pivotal role in the regulation of
blood glucose levels." Generally well accepted, safe in renal
impaired individuals and weight neutral, DPP-IV inhibitors
have attracted considerable attention, and since the launch of
the first gliptin in 2006, at least ten other DPP-IV inhibitors
have now been approved in several countries as both mono-
therapy and add-on combination therapy.

More recently, food-derived constituents, primarily pep-
tides, have also been found to inhibit the activity of the DPP-IV
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enzyme in vitro and in animal models.>* The discovery that
dietary proteins can be used to produce natural DPP-1V inhibi-
tors has generated great interest in their potential to help
improve glycemic regulation and as a result, considerable
research efforts have been put toward the production, identifi-
cation and characterization of DPP-IV inhibitory peptides. To
date, proteins from more than 15 food commodities have been
reported as sources of peptides with DPP-IV inhibitory activity.
Among these, those from milk have been the most extensively
studied and many of the more than 150 known DPP-IV
inhibitory peptides that have been reported can be found in
the sequence of casein and whey proteins.?

While the production of DPP-IV inhibitors from dietary pro-
teins and the identification of active peptide sequences have
been the subject of a large body of research, little is currently
known on the bioavailability of these bioactive molecules. In
order to prevent the breakdown of the incretin hormones,
DPP-IV inhibitory peptides need to be transported across the
lumen and to reach the endothelium of the capillary bed
within the intestinal wall where DPP-IV can be found in close
proximity to the cells secreting the incretins.”® Although
studies on the absorption of peptides and proteins have shown
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that dipeptides and tripeptides can cross the intestinal endo-
thelium and reach the systemic circulation intact, the absorp-
tion of oligopeptides and proteins through the lumen is
believed to be much more limited.” In order to reach the blood
stream intact, bioactive peptides must not only be transported
across the intestinal wall, but also be resistant to hydrolysis by
peptidases present in the brush border membrane. To the
authors’ knowledge, the intestinal transport of peptides with
DPP-1V inhibitory activity has never been studied.

The objectives of this research were, therefore, to investigate
the stability to intestinal epithelium brush border peptidases
and the cellular transport of milk-derived peptides with pre-
viously established in vitro DPP-IV inhibitory activity using the
human epithelial colorectal adenocarcinoma Caco-2 cell line
as a model system for intestinal epithelial permeability.

Experimental
Materials

Caco-2 cells (HTB-37™) were purchased at passage 18 from the
American Type Culture Collection (ATCC, Manassas, VA, USA).
Pepsin (from porcine gastric mucosa, >2500 units per mg
protein), pancreatin (from porcine pancreas, 8 x USP specifica-
tions), amino acids (i-leucine, r-proline, i-tyrosine,
t-glutamine, t-isoleucine, i-tryptophan, r-arginine; purity
>98%), Eagle’s Minimum Essential Medium (EMEM), penicil-
lin-streptomycin solution (10 000 units penicillin and 10 mg
streptomycin per mL), Dulbecco’s Phosphate Buffered Saline
(PBS), Hank’s Balanced Salt Solution (HBSS), Lucifer yellow
CH dilithium salt, diprotin A, and 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) were obtained from
Sigma-Aldrich (St Louis, MO, USA). Trypsin-EDTA (0.25%) and
fetal bovine serum (FBS) were from Gibco™ (Thermo Fisher
Scientific, Mississauga, ON, Canada). The whey protein isolate
(WPI 895, Fonterra, New Zealand; 92% protein) was donated by
Caldic Canada Inc. (Delta, BC, Canada). The synthesized pep-
tides (>98% purity) were prepared and purified by GL Biochem
(Shanghai) Ltd (Shanghai, China).

In vitro digestion

The whey protein isolate was subjected to in vitro digestion as
described by Lacroix and Li-Chan.® Briefly, a WPI solution (3%
w/v protein in deionized distilled (dd) H,O) was adjusted to
PH 2.0 using 6 N HCI and pre-incubated to 37 °C in a water
bath shaker (New Brunswick Scientific, Enfield, CT, USA).
Pepsin (4% enzyme/substrate (E/S) ratio on a w/w basis) was
then added and the solution was incubated at 37 °C for 1 hour,
after which the pH was adjusted to 5.3 using 0.9 M NaHCO;.
Pancreatin (E/S = 4%) was added and after further adjustment
of the pH to 7.5 with 1 N NaOH, the solution was incubated at
37 °C for 2 hours. The digested WPI was heated at 85 °C for
10 min to inactivate the enzyme and centrifuged using a Sorvall
Legend X1R centrifuge (Thermo Scientific, Osterode am Harz,
Germany) for 10 min at 12 100g. The supernatant was collected,
desalted using a Micro Acilyzer S1 desktop electrodialyzer with
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AC-110-20 cartridges (Aston Corporation, Japan) and freeze-
dried (Labconco Corporation, Kansas City, MO, USA).

Caco-2 cell culture

Caco-2 cells obtained from the American Type Culture
Collection were grown on tissue culture flasks in EMEM sup-
plemented with 10% fetal bovine serum, 100 U mL ™" of peni-
cillin and 100 pg mL™" of streptomycin. The cells were main-
tained at 37 °C under an atmosphere containing 5% CO,. The
medium was changed every 2-3 days, and the cells were sub-
cultured weekly by trypsin-EDTA treatment. Following conflu-
ence, the cells were seeded in 24-well high pore density poly-
ethylene terephthalate inserts purchased from Corning
(0.4 um pore size, 100 + 10 x 10° cm™> pore density, 0.3 cm?
grown surface) (VWR, Mississauga, ON, Canada), at a density
of 2.5 x 10° cells per cm®. The culture medium was replaced
every 2-3 days and the cells were grown for 20-21 days. All the
cells used in this study were between 22 and 29 passages. The
monolayer integrity was monitored by measuring transepithe-
lial electrical resistance (TEER) using a Millicell® ERS-2
voltohmmeter (EMD Millipore, Darmstadt, Germany) and only
those having TEER values higher than 200 Q cm? were used.

Cytotoxicity assay

Milk protein-derived peptides LKPTPEGDL, IPIQY, LPYPY, WR,
IPI and WPI digest with known in vitro DPP-IV inhibitory
activity®® were assessed for cytotoxicity using the MTT assay.'®
The peptides and WPI digest were first dissolved in HBSS, then
further diluted in complete EMEM to concentrations ranging
from 1 to 6 mM and 5 to 20 mg mL™", respectively, and the pH
was adjusted to neutrality using either 1 N NaOH or 1 N HCI.
The samples (100 pL) were added to Caco-2 cells seeded in
96-well culture plates (density of 1 x 10° cells per em?) and
grown for 21 days. The plates were incubated at 37 °C under an
atmosphere containing 5% CO, for 24 hours after which the
tested samples were removed and 100 pL of MTT (0.5 mg mL ™~
in complete EMEM) was added to the cells. Following 4 hours
of incubation in the dark, 100 pL of 10% SDS in 0.01 N HCl was
added and the plates were further incubated at 37 °C overnight.
The absorbance of the released formazan was measured at
570 nm using a Multiskan Spectrum microplate spectrophoto-
meter (Thermo Labsystems, Chantilly, VA, USA). The viability of
the treated cells was expressed as a percentage of the control
cells that were not exposed to the samples.

Transport study

Caco-2 cells grown in EMEM for 20-21 days as described above
were used to study the cellular transport of the peptides
(LKPTPEGDL, IPIQY, LPYPY, WR, IPI) and the WPI digest.
Cells were first washed twice with HBSS and equilibrated in this
buffer for 60 min at 37 °C prior to the transport experiment.
The test samples (300 pL in HBSS, pH adjusted to neutrality
using 1 N NaOH or 1 N HCl) and HBSS (700 pL) were added to
the apical (insert) and basolateral (well) sides of the mono-
layers, respectively, and the plates were incubated for 2 hours at
37 °C under an atmosphere containing 5% CO,. The apical and

This journal is © The Royal Society of Chemistry 2017
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basolateral solutions were then collected, their contents ana-
lyzed by RP-HPLC as described in the following section, and the
basolateral samples freeze-dried. The TEER values and the per-
meability of Lucifer yellow were measured before and after the
experiment. The cellular permeability of each sample was tested
at least in quadruplicate, and transport across the monolayers
was reported as the mean value expressed as a percentage of the
samples added to the apical side.

Reversed-phase high-performance liquid chromatography
(RP-HPLC) analysis

The five peptides and the WPI digest, as well as the apical and
basolateral solutions obtained from the transport study, were
analyzed by RP-HPLC using an Agilent 1260 Infinity HPLC
system (Agilent Technology, Mississauga, ON, Canada). The
peptides or digest (10 pL), apical (10 pL) and basolateral
(50 pL) samples were injected into a Phenomenex Jupiter™
C12 Proteo 90 A HPLC column (250 mm x 4.6 mm, 4 um;
Phenomenex®, Torrance, CA, USA) at 40 °C. The samples were
eluted using a linear gradient of acetonitrile (0-60% (v/v)
in 30 min) and 0.1% TFA (v/v) in H,O at a flow rate of
1 mL min~". The absorbance was monitored at 214 and 280 nm.

Peak areas were determined to estimate the percent per-
meability of the original test peptides as well as the overall
amount of the original peptide plus degradation products
transported through the monolayers.

In addition to the five peptides studied for the cellular
transport, 16 tetra-, tri- and dipeptides derived from the
peptide sequences IPIQY, LPYPY, IPI and WR, as well as the
constituent amino acids, were analyzed by RP-HPLC in order
to identify the amino acids and peptides present as breakdown
products in the basolateral and apical solutions. The peptides
and amino acids were solubilized in HBSS (1 mM to 10 mM),
analyzed by RP-HPLC as described above and their elution
time was compared with that of the peaks observed in the
elution profiles of the apical and basolateral solutions
obtained during the transport study.

Determination of the DPP-1V inhibitory activity

The synthesized peptides, amino acids as well as the apical
and basolateral solutions were tested for their effect on DPP-IV
activity using the chromogenic substrate Gly-Pro-p-NA as pre-
viously described by Lacroix and Li-Chan.**

A positive control corresponding to the activity of DPP-IV in
the absence of an inhibitor was prepared using 100 mM Tris-
HCI buffer in place of the sample, while a negative control
corresponding to the absence of DPP-1V activity was prepared
using 100 mM Tris-HCI buffer in place of both the sample and
enzyme solution. HBSS instead of Tris-HCI buffer was used to
prepare the positive and negative controls for assaying the
apical and basolateral solutions.

The concentration of the sample used to test the DPP-IV
inhibitory activity of the apical and basolateral solutions was
based on the amount of the peptide material present in the
basolateral compartment, as determined by RP-HPLC.

This journal is © The Royal Society of Chemistry 2017
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Statistical analysis

All assays were conducted at least in triplicate, and significant
differences were established at P < 0.05 by performing one-way
analysis of variance using the general linear model and pair-
wise comparison with Tukey’s method (Minitab Statistical
Software Version 16, Minitab Inc., State College, PA, USA).

Results

Cytotoxicity of individual milk protein-containing peptides
and WPI digest

The effect of the milk protein-derived peptides and WPI digest
on the viability of the Caco-2 cells was first determined using
the MTT assay. As shown in Fig. 1, the samples had no cyto-
toxic effect at the concentrations used. Transport experiments
of LKPTPEGDL, LPYPY, IPIQY and WR and the WPI digest
were therefore performed using sample concentrations of
6 mM and 20 mg mL™", respectively. The transport of the well-
known and potent DPP-IV inhibitor diprotin A (IPI) was also
investigated for comparison using a concentration of 1 mM.

Resistance of the peptides and WPI digest to Caco-2 cell
peptidases

The resistance of the peptides and WPI digest to proteolytic
degradation by Caco-2 cell enzymes was assessed by RP-HPLC
analysis of the apical solutions obtained before (Fig. 2A) and
after (Fig. 2B) 2-hour incubation of the samples applied to the
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Fig. 1 Viability (%) of Caco-2 cells after exposure for 24 hours to the
milk protein-derived peptides (A) and the whey protein isolate (WPI)
digest (B). Each bar represents the mean and standard deviation of at
least three determinations.

Food Funct, 2017, 8, 701-709 | 703


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6fo01411a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 January 2017. Downloaded on 11/13/2025 2:24:43 PM.

(cc)

View Article Online

Paper Food & Function
LKPTPEGDL LPYPY IPIQY
A
A 3400 3400
3400
2000 5 2900 5 B0
5 < <
< £ 2400 £ 2400
T 2400 z H
£ H
E 1900 3 1900 < 1900
: g g
S T 1400 ® 1400
E 1400 3 3
ERS g 900 g 900
£ 8 8
g 400 g a0 2 a00 L
E- <
< LN b — r
-100 -100 = 100 =
3400 B 3400 3400 B
2900 . 2000
2000 s 5
5 S H
T 2400 £ 2400 £ 2400
- £
E 1900 S 1900 S 1900
3 b &
o ® ® 1400
3 1400 & 1400 s
8 g 5
g 900 § 900 g 90
H H 2 w0
@ 400 l a 400 o
<
2 P § | < X s N sk
-100 = -100 = -100 +
_ c 250 200 c
2 15 2 200 5
E £ T 150
E E 150 =
£ 100 £ E 100
3 = =
S X 100 3
s 50 % S s0
H s 50 3
£ e o
3 o - H 0
H g o0 H
2 = g § =0
< Q -50 5
-100 100 -100
[ 5 10 15 20 25 30 0 5 10 15 20 25 36 0 5 10 15 20 25 30,
Time (min) Time (min) Time (min)
IP1 WR WPI digest
A 2900 A
700
S 600 3 2400
H 3
£ 500 <
£ E 1900
£ 400 =
3 S
£ 300 5 1400
@
3 8
2 200 § oo
£ 100 900 H
H 3
L 400 2 400
h
-100 4100 —— -100
B
00 B 3400 2000
g o0 3 2000 2 2400
£ E
£ s00 £ 2600 s
£ H £ 1900
< 400 2 1000 b
3 bl S
S 300 5, % 1400
8 200 g 100 H
H £ o0 g o0
5 100 ] 2
2 400
z < 400 ) <
n "Mw_
100 4100 —— -100 -
100 c 700 200 c
5 S 600 5
2 80 < 2 150
£ £ 500 £
60
£ E o E 100
I 3 3
B S 300 S s0
b4 20 © bd N
8 & 200 8
€ H €
5 § £ 0
g 0 £ 100 £
H 2 2 s
-5t
220 2 o, ]
40 -100 -100
0 5 10 15 20 25 30 0 5 10 15 20 25 30, 0 5 10 15 20 25 30
Time (min) Time (min) Time (min)

Fig. 2 Elution profiles obtained by RP-HPLC of the milk protein-derived peptides and the whey protein isolate (WPI) digest added to the apical

compartment (A) and the resulting apical (B) and basolateral (C) solutions collected after incubation for 2 hours.

apical side of the monolayers. All five peptides were degraded
by peptidases present on the Caco-2 cell surface, as shown by
the appearance of additional peaks in the apical solutions col-
lected after the incubation period. Of the five peptides studied,
IPI was the most susceptible to enzymatic hydrolysis, approxi-

704 | Food Funct, 2017, 8, 701-709

mately 30% of the original peptide added to the apical
chamber having been broken down after 2 hours (Fig. 3).

In comparison to the individual peptides, the WPI digest
was found to be less susceptible to hydrolysis by the brush
border membrane peptidases, only a few minor additional

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Percentage of intact peptides remaining in the apical compart-
ment after 2 h incubation. Each bar represents the mean and standard
deviation of at least four replicates.

peaks being detected in the apical solution collected after the
incubation period (Fig. 2A and B).

Apical to basolateral transport

Transport of the peptides and WPI digest from the apical to
the basolateral side of the Caco-2 cell monolayer was deter-
mined by RP-HPLC analysis of the basolateral solutions col-
lected after the 2-hour transport study. The chromatograms of
the basolateral solutions (Fig. 2C) show peaks with retention
times corresponding to the intact peptides and hydrolysis pro-
ducts observed in the apical layers (Fig. 2A and B), indicating
that both the intact peptides as well as some of their metab-
olites were found to be transported across the Caco-2 cell
monolayers. Based on the peak areas, only a small percentage
of the original peptides added to the apical side were trans-
ported intact across the cell monolayers, with WR showing the
highest percent transport (0.47%) (Fig. 4). The dipeptide WR
was also found to have the greatest overall (intact peptide and

®Ppeptide

OOverall

% Transport
P

0.5 1 ’—I—‘
0 : . . .

LKPTPEGDL LPYPY IPIQY IPI WR WPI digest

Sample

Fig. 4 Transport of milk protein-derived peptides and the whey protein
isolate (WPI) digest through Caco-2 cells. The percent transport of the
peptides and of the peptides and degradation products (overall) across
the monolayer was calculated from the peak areas observed in the
RP-HPLC chromatograms of the samples added to the apical compart-
ment and of the basolateral solutions collected after incubation for
2 hours. Each bar represents the mean and standard deviation of at least
four replicates.
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degradation products) percent transport (2.2%) of all the
samples tested. Similarly to the synthesized peptides, only a
limited amount (0.43%) of the peptides present in the WPI
digest and their degradation products were carried across the
Caco-2 cell monolayers (Fig. 4).

DPP-IV inhibitory activity of apical and basolateral solutions

The apical and basolateral solutions obtained at the end of the
2-hour transport study were tested for their in vitro effect on
DPP-IV activity and compared to that of the peptides added to
the apical side of the Caco-2 cell monolayers. With the excep-
tion of WR, all peptide solutions collected in the apical com-
partments after the 2 hours of incubation period displayed
lower DPP-IV inhibitory activity than at time 0 when just added
to the monolayers. Moreover, the basolateral solutions of all
five peptides investigated showed a weaker effect on DPP-IV
activity than their corresponding apical solutions (Table 1).

In the case of the WPI digest, the effect of the apical and
basolateral solutions on the activity of DPP-IV did not differ
significantly from the original sample (Table 1). However, the
inhibitory activity was weak.

Identification of the constituents in the apical and basolateral
solutions and evaluation of the DPP-IV inhibitory activity of
the possible breakdown products

In order to identify the amino acids and peptides present in
the apical and basolateral compartments following the trans-
port study, all possible breakdown products of the peptides
IPIQY, LPYPY, IPI and WR were chemically synthesized and
analyzed by RP-HPLC. Their retention times were then
matched to those of the peaks observed in the apical and baso-
lateral solutions (Fig. 2B and C, Table S1t). This analysis was
not performed for the peptide LKPTPEGDL and the WPI digest
due to the large number of the possible breakdown products
of the nona-peptide and the unknown composition of the

Table 1 DPP-IV inhibitory activity of the peptides and whey protein
isolate (WPI) digest prior to the transport study and of the apical and
basolateral solutions collected after 2 hours of their application to
Caco-2 cell monolayers

% DPP-IV inhibition”

Apical Apical Basolateral
Sample Concentration® (0 min) (120 min) (120 min)
LKPTPEGDL 12.5 26+2a 22+0b 18+2¢
LPYPY 75 25+2a 20+1b 12+4c
IPIQY 50 42+3a 34+1b 15+3¢c
IPI 12.5 49+3a 38+2b 14+5¢
WR 75 77+1a 72+1a 46 +8b
WPI digest 62.5 15+1a 11+3a 12+3a

“Vvalues are expressed as the final assay concentrations of the peptides
(1M) and WPI digest (g mL™") used to determine the DPP-IV inhibitory
activity; the concentrations were chosen based on the amount of
peptide material found in the basolateral compartment. ” The percent
DPP-IV inhibition values are reported as the mean and standard devi-
ation from quadruplicate determination. Within the same row, values
with different lowercase letters are significantly different (P < 0.05).

Food Funct, 2017, 8, 701-709 | 705
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digest, respectively. It should be noted that it was not possible,
under the conditions used, to determine by RP-HPLC analysis
the presence of the amino acids proline, glutamine and argi-
nine in the apical and basolateral solutions due to their lack of
retention on the reversed phase column.

Fig. 5A shows that seven (PYPY, PYP, YPY, LP, PY, YP, Y) of the
11 peptides and amino acids that could theoretically be gener-
ated from LPYPY were identified in the apical solution collected
after the 2-hour transport study. Of these, YPY, LP, YP and Y were
also identified in the basolateral solution. Assessment of the
DPP-IV inhibitory activity of the breakdown products revealed
that all were less effective at inhibiting the enzyme than the
penta-peptide they originated from. Among the LPYPY-derived
components identified in the apical and basolateral solutions,
the greatest effect was shown by the dipeptide YP (33 and 52%
DPP-1V inhibition for YP and LPYPY, respectively).

The IPIQY-derived peptides IPIQ, IPI, IQY, IP, PI and the
amino acid Y were identified in the apical side of the monolayer,
and all but IPIQ were also found in the basolateral solution
(Fig. 5B). Exhibiting 95% DPP-IV inhibition, IPI was the most
potent constituent determined in the apical and basolateral com-
partments. This tripeptide was also the only identified breakdown
product more effective at inhibiting the DPP-IV enzyme than
the parent peptide IPIQY. The inhibitory activity of the other
IPIQY-derived molecules found in the apical and basolateral
solutions ranged from 8 to 82% and 8 to 46%, respectively.

With the exception of the amino acid proline, all possible
breakdown products of IPI were observed in the apical and baso-
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lateral solutions. While the dipeptide IP was effective at reducing
the activity of the enzyme (46% inhibition), the peptide PI and
amino acids proline and isoleucine only displayed a marginal
effect on DPP-IV activity (Fig. 5C). Similarly, even though the
peptide WR was a potent DPP-IV inhibitor, its constituent amino
acids W and R had no significant effect on DPP-IV activity. Both
WR and W were identified in the apical and basolateral solutions
collected after the transport study (Fig. 5D).

Discussion

Most therapeutic food-derived peptides, including peptides
with DPP-IV inhibitory activity, must reach the systemic circu-
lation in order to exert their bioactivity. Hence, the bioavail-
ability of these molecules is a key factor to consider in deter-
mining their practical application. Caco-2 cells, being similar
to mature human enterocytes after differentiation, have been
widely used as a model system to study intestinal absorption
of a number of molecules, including bioactive peptides
derived from milk proteins.'>"?

All five peptides investigated in this study were susceptible
to Caco-2 cell peptidases; between 8 and 30% of the samples
added to the apical compartment were hydrolyzed after
2 hours (Fig. 3). At least eight membrane peptidases have been
reported to be expressed on the surface of Caco-2 cells. Among
these, DPP-IV is believed to be the most active, particularly
once the cells are completely differentiated.'* Ubiquitously dis-
tributed, DPP-IV is known to preferentially act on substrates
having a proline or other small uncharged residues such as
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alanine and serine at their penultimate amino acid position."
The tripeptide IPI, also known as diprotin A, is a well-studied
DPP-1V inhibitor that has been shown to be in fact a substrate
for the enzyme with a low turnover rate.'® Similarly to IPI, the
peptides LPYPY and IPIQY possess a proline residue at their P,
position and have been reported to act as competitive inhibi-
tors against DPP-IV, a competitive behavior that has been
suggested to be a kinetic artifact resulting from their sub-
strate-mimicking structure. Hence, it is likely that the DPP-IV
enzyme on the apical surface, along with other peptidases
expressed by the Caco-2 cells, contributed to the observed
breakdown of IPI, LPYPY and IPIQY.

The hydrolysis by DPP-IV of milk-protein derived peptides,
including IPI, LPYPY and IPIQY, has also been reported in a
study by Nongonierma and FitzGerald'” in which the authors
incubated proline-containing peptides with porcine DPP-IV for
18 hours. Although DPP-IV has a high affinity for peptides
having a proline amino acid at their second position, it is
unable to hydrolyze those like LKPTPEGDL that bear this
residue at their third position. Of the five peptides investi-
gated, LKPTPEGDL was the most resistant to Caco-2 cell pepti-
dases, only 8% of the peptide applied to the apical side of the
monolayer was hydrolyzed at the end of the 2-hour transport
study. The dipeptide WR has been previously reported to
inhibit DPP-IV in an uncompetitive manner,’ and therefore,
may also be expected to resist the DPP-IV proteolytic action.
The presence of a peak associated with the amino acid trypto-
phan in the apical and basolateral solutions, however, indi-
cates the susceptibility of WR to other brush border mem-
brane peptidases.

Even though DPP-IV inhibitory peptides may exert their
action on the enzyme present on the surface of the intestinal
epithelium, to prevent the degradation of the incretin hor-
mones, and consequently improve glycemic regulation, they,
or their degradation products, must reach the endothelium of
the capillary bed within the intestinal wall where DPP-1V is
present in near proximity to the cells secreting the incretins.>®
Of the five peptides investigated, WR had the highest per-
meability across the Caco-2 cell monolayer, likely due to its
small size. On the other hand, the nona-peptide LKPTPEGDL
was found to have the lowest overall percent transport. Studies
on the intestinal transport of bioactive peptides conducted
over the years have shown evidence of the intestinal uptake of
intact di- and tripeptides, as well as some larger peptides,
such as lunasin, a 43-amino acid peptide with anti-inflamma-
tory and anti-cancer properties,'® and the anti-hypertensive
sequences RVPSL'® and QIGLF.>® However, it is generally
believed that most oligopeptides have very low permeability
and are not intestinally absorbed in their intact form. The
transport of oligopeptides across the intestinal epithelium has
been shown to occur via either transcytosis or a paracellular
route’® and to be influenced by the peptides’ structural fea-
tures such as size, hydrophobicity and molecular surface pro-
perties.?! Currently, the mechanism(s) by which milk-derived
DPP-IV inhibitory peptides cross the lumen is unknown and
warrants further investigation.

This journal is © The Royal Society of Chemistry 2017
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The hydrolysis of the individual milk protein-derived pep-
tides by brush border membrane peptidases resulted in
peptide mixtures with lower DPP-IV inhibitory activity than the
original intact peptides (Table 1). This reduction can be
explained by the fact that, with the exception of the peptides
IPIQ and IPI generated from the cleavage of IPIQY, all degra-
dation products identified in the apical and basolateral com-
partments exhibited a weaker effect on DPP-IV activity than
their corresponding precursor peptides. As only a small
portion of the original peptides was transported intact across
the Caco-2 cell monolayer, the DPP-IV inhibitory activity of the
peptide solutions collected in the basolateral chambers was
greatly reduced compared to that of the apical solutions.

Peptides with potent DPP-IV inhibitory activity have been
suggested to generally contain a branched-chain amino acid
or an aromatic residue with a polar group in the side-chain
(primarily tryptophan) at their N-terminal and/or a residue
proline at their P; position. The most potent peptides that can
be generated from LPYPY (LPYP, LPY, YP), IPIQY (IPIQ, IPI, IP)
and IPI (IP) all contain the amino acid proline at their second
position.

With the exception of the amino acid tyrosine, which dis-
played weak DPP-IV inhibitory activity at the concentration
tested, none of the other amino acids present in the precursor
peptide sequences had a significant effect on DPP-IV activity.
The amino acids tryptophan and leucine have both previously
been reported in a study by Nongonierma et al.>* to exhibit a
competitive mode of action against the DPP-IV enzyme.
However, the potency of the residues determined by the
authors was very low (ICs, values of 4280.40 and 3419.25 uM,
for W and L, respectively) which may explain why no inhibitory
effect was detected for these amino acids in this study.

Conversely to the individual peptides, the composition
profile and DPP-IV inhibitory activity of the WPI digest did not
appear to be altered significantly by the enzymatic action of
the brush border membrane peptidases. However, with the
complex composition of the digest, it is possible that many
peptides were simultaneously being hydrolyzed by the Caco-2
cell peptidases, which would not be easily detected in the
RP-HPLC chromatograms. Similarly, in a study on the trans-
epithelial transport of whey- and casein-derived peptides,
Picariello et al'® did not observe significant differences
between the Matrix-Assisted Laser Desorption/Ionization Time-
of-Flight Mass Spectrometry (MALDI-TOF MS) profiles of the
apical and basolateral solutions. Consistent with the insignifi-
cant changes to its composition profile, the DPP-IV inhibitory
activity of the digest did not appear to be markedly affected by
the enzymatic action of the Caco-2 cell peptidases. The digest
being composed of a mixture of peptides, many of which may
not be active, it is possible that the changes to individual pep-
tides by the Caco-2 cell peptidases may not significantly affect
the overall DPP-IV inhibitory activity of the digest as the newly
generated peptides would be expected to also possess various
degrees of effectiveness against the DPP-IV enzyme. Moreover,
it is important to note that the inhibitory activity of the apical
and basolateral solutions was weak at the concentration
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(62.5 ug mL ") used to perform the assay and therefore differ-
ences between the samples are more difficult to quantify.

The consumption of specific food products, including dairy
proteins, has been reported in a number of epidemiological
and observational studies to be associated with a reduced inci-
dence of type 2 diabetes.>® Although it has been hypothesized
that the antidiabetic effect of proteins results from the ability
of the bioactive peptides derived from them to inhibit
enzymes involved in blood glucose metabolism and/or to
stimulate the secretion of gut-derived hormones, these in vivo
effects are yet to be validated. The discovery that dietary pro-
teins can be precursors of peptides with DPP-IV inhibitory
activity has recently captured the attention of the scientific
community. While the production and identification of DPP-IV
inhibitory peptides from food proteins has been the object of
numerous studies, the bioavailability of these molecules has
been mostly overlooked. Both the susceptibility of bioactive
peptides to degradation by gastrointestinal peptidases and
their limited absorption can greatly impede their potential as
functional food ingredients. Therefore, in order to really evalu-
ate their biological potential, it is critical to conduct research
considering these aspects, for example, using brush border
membrane vesicles to simulate the human intestinal digestion,
or Caco-2 cell monolayers to assay the stability against intestinal
peptidases and the ability to translocate across the epi-
thelium.** In fact, the present findings using the Caco-2 cell
model system suggest that not all of the peptides reported in
the literature to have the ability to inhibit DPP-IV activity in vitro
may be resistant to gastrointestinal peptidases and/or be trans-
ported across the lumen in significant amounts to confer a
meaningful action on the enzyme in vivo. Additional research
on the bioavailability and in vivo efficacy of bioactive peptides is
needed to ascertain their role in blood glucose regulation.

The development of nano-delivery systems has attracted
much research attention in recent years as a way to preserve
the therapeutic functionality of bioactive molecules by confer-
ring resistance to degradation as well as enhancing cellular
transport.>® To date, most research in this area has focused on
the development of delivery systems for peptides and protein
drugs such as insulin and glucagon-like peptide-1 (GLP-1)
agonists.”>*” Although food protein hydrolysates and peptides
have been successfully encapsulated using different carrier
systems, including protein-, polysaccharide- and lipid-based
carriers, further studies on the biostability and bioavailability
of the encapsulated peptides are needed.”® To the authors’
knowledge, the use of nanoparticles to encapsulate DPP-IV
inhibitory peptides has not been explored yet. Therefore,
further research into the application of nano-delivery systems
to improve the bioavailability of these bioactive molecules is
warranted.

Conclusions

Findings from the present research showed that milk protein-
derived DPP-1V inhibitors are susceptible to enzymatic hydro-
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lysis by intestinal brush border membrane peptidases and
have low permeability. Although the breakdown of bioactive
peptides by intestinal enzymes could potentially lead to the
generation of smaller more potent and/or more easily
absorbed molecules, most of the degradation products identi-
fied in this study demonstrated lower inhibition of DPP-IV
than the precursor peptides. Consequently, the peptide mix-
tures able to cross the Caco-2 cell monolayer showed a weaker
inhibitory effect than the original intact peptides. This finding
suggests that the apparent effectiveness of DPP-IV inhibitory
peptides may be reduced in vivo and highlights the need to
consider their bioavailability when assessing their potential as
functional food ingredients for the management of glycemic
regulation.
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